Abstract-An ctlstive muhial inductance is pmposed in this paper capacitive coupling [l], and reduce the mutual inductive coupling to efficienUy describe the inductive intersetions mow coupled signal by providing a closer current return path for both the aggressor and
or tu0 sidcd shield is sppropnate.
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of deep suhmimmeter VLSI circuits. With faster signal rise times and lower resistance, the long wide wires in the upper metal layers can exhibit significant inductive effects. An efficient RLC model of the on-chip interconnect is therefore critical in high level design, logic synthesis, and physical design. While capacitive coupling between non-adjacent wires can often be ignored and is primarily a nearest neighbor phenomenon [I] , mutual inductive coupling is a long range issue and cannot be ignored in nonadjacent wires. The mutual inductance decays slowly with greater spacing and depends on the distribution of the induced currenu. The return paths of the induced current often cannot be determined a priori in complex integrated circuits. With the assumption of current returning at infinity, Partial Element Equivalent Circuit (PEEC) models can be directly applied to circuit simulators like SPICE, obviating the need for knowing the distribution of the returned cumns. A full matrix which includes the mutual inductances between all pairs of wires is necessaq in the PEEC method to correctly model an RLC line, generating a dense partial inductance matrix. This dense partial inductance matrix, together with resistance and capacitance models, requires significant computational time and is an extremely diacult IC design and verification task An approach to tackle this problem is to use an effective loop inductance IO model high speed interconnects 121. While the effective loop inductance efficiently describes the inductive characteristics of a single wire, it does not address the problem of crosstalk noise in a victim line induced by an aggressor signal.
An estimate of crosstalk noise among multiple RLC interconnects is required to implement efficient shielding techniques. Shield insertion is an effective method to reduce crosstalk noise and signal delay uncertainty, and bas become common practice when routing critical signal and clock lines [3] . .
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solve the problem of crosstalk noise among multiple coupled RLC interconnects and to provide guidelines for shield insertion. By converting coupled interconnects with multiple ground return lines into two coupled interconnects with an effective loop inductance and mutual inductance, an estimate of the crosstalk noise can be analytically determined 141. Based on the effective mutual inductance and crosstalk noise models, the effect of shield insertion on reducing crosstalk noise in the presence of capacitive and inductive coupling is discussed in this paper.
The rest of the paper is organized as follows. In Section U, the concept of an effective mutual inductance is proposed to efficiently characterize the inductive interactions among multiple coupled RLC interconnects, and is applied to estimate crosstalk noise in an example structure composed of fow couple RLC interconnects with Varying separation. Based on the effective mutual inductance and crosstallt noise models, the effect of shield insertion on reducing crosstalk noise and bidelines for shield insertion in the presence of capacitive and inductive coupling are presented in Section In. Some conclusions are offered in Section N.
EFFECTIVE MUTUAL INDUCTANCE
Due 10 the presence of long range inductive coupling, crosstalk generally involves multiple coupled RLC interconnecu. The effective loop inductance 121 is commonly used to avoid the complexity of the PEEC method. While the effective loop inductance is efficient in estimating the delay of the signal Line, it does not address the issue of crosstalk noise caused by inductive coupling between an aggressor line and a victim line. In order to address crosstall noise among multiple coupled RLC interconnects, the ground current return path of the inductances is first discussed in this section, followed by an introduction of the concept of an effective mutual inductance to efficiently characterize inductive coupling between an aggressor line and a victim line. Based on the effective mutual inductance, multiple coupled RLC interconnects can be modeled by two coupled signal lines, permitting an efficient estimate of the crosstalk noise. for an aggressor line and a victim line Circuit models to determine the dismbution of the ground r e m frequencies ( R >> jwL), the line impedance and related reNm paths are dominated by the resistance. The return currem, therefore, seeks the minimum resistance path, which can spread widely to multiple power or ground wires. At high frequencies ( R << jwL), where the inductance dominates, the retum current seeks the paths of least inductance. Since the line width of the power grid is much larger than the width of the signal Lines, the IeNm paths are commonly assumed to be confined to the closest power or ground lines [51. In order to reduce interconnect delay, the global signal lines in the upper layer are made wider with less resistance. As a consequence, the inductive impedance of these wires is much greater than the resistive impedance, and the returned current seeks those paths that minimize the Imp inductance.
Assuming the current only reNms ulrougb the power and shield lines, the distribution of the ground return current of both the aggressor line and victim Line can be determined by solving the branch currents for the circuits shown in Figs where 6, w, and t are the length, width, and thickness of the inlerconnects, respectively, d is the separation between two interconnects, and ln(X) is only a function of the tlw ratio and is small as comp.ared to the other terms (varying from 0 to 0.0025).
Applying a mesh analysis to the circuit with n ground lines as shown in Fig. l(a) 
The signs of ai ( i = l , 2,. . . , n) are chosen to be negative to denote the inverse current direction and normalized to satisfy -1 < a ; < 0,
The branch current a T I 1 can be further extended IO include the 
Luic-eJf = P T L p ,
(1 1)
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M.,~ = ? ( Q~L~ + ~' L Q ) .
Since a T~p is a number rather than a matrix, a T~@ =
( U~L P )~ = p T L T a = p T L o .
The h a l step is valid because the partial inductance matrix L is symmetric. The effective muNal inductance in (I I), therefore, can be further simplified to ~. j j = u~L~.
(12)
The effective resistance can be determined from the equivalence of the power consumed in these two systems, as shown in (13) and (14) , where U and p include the aggressor line, victim line, and n ground r e m lines.
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The effective mutual inductance together with the crosstalk noise model described in [4] can he applied to analytically estimate the crosstalk noise among multiple coupled RLC interconnects. As an example, a four coupled RLC interconnect srmclure with a length of 3000 pm, as shown in Fig. 3 , is used IO compare the estimate of crosstalk noise, determined analytically through the effective mutual inductance, with SPICE. P = 58pm The partial inductance matrix extracted from the interconnect srmcNre shown in Fig. 3 The interconnect structure is simulated using FastHenry at a frequency of 10 GHz. The resulting loop inductance matrix is
The effective loop inductances and the effective mutual inductance obtained from (9) -(12) are essentially the same as the simulation results developed from FastHenry [SI, validating the method of effective mutual inductance, as shown in (16) and (17).
To estimate the crosslalk noise with a step input at the aggressor ' line, the capacitance matrix of the structure is extracted using OEA C.jjectiu. in (19) ), an estimate of the crosstalk noise voltage can be made from the analytic equations in 141. It is shown in [4] that two coupled interconnects can be decoupled into two isolated signal lines, and the peak crosstalk noise occurs at the time of night, tJ or 3tJ.
Applying the analytic formula in 141 to the effective inductance matrix and effective capacitance matrix in (16) and (19), respectively, with a driver resistance of SO R and a load capacitance of 40 E, the peak crosstalk noise can be determined. To compare the effective mutual inductance and coupling noise with the simulations, the separation becween the two signal lines is varied from 0.6 pm to 3 prn, and the comparisons are shown in Figs. 4 the crosstalk noise exhibits an average error of 3.5% as compared IO SPICE. An estimate of the crosstalk noise for multiple coupled RLC interconnects based on the approach of an effective mutual inductance is, therefore, shown to be both practical and efficient.
Comparison of analytic solution of peak cross!& noise to SPICE
THE EFFECT OF SHIELD INSERTION O N REDUCING CROSSTALK NOISE
The problem of crosstalk becomes worse as the interconnect exhibit significant inductive effects. A step input asserted at the As shown in Fig. 6 , three structures for inserting shield lines are presented. One shield is inserted between the aggressor line and the victim line as shown in Fig. 6(a) . two shields are inserted along the two sides of coupled signal lines as illustrated in Fig. 6(b) , and three shields are inserted along both sides of each signal line as depicted in Fig. 6(c) . An estimate of the crosstalk noise based on the approach of an effective mutual inductance as described in Section U is applied to each of these interconnect smctures. The partial inductance matrices are extracted. followed by the determination of the gound return current paths. The effective loop inductance and effective mutual inductance are determined from (9) -(12). and the crosstalk noise is obtained from analytic equations in [41. SPICE simulations of each of these interconnect structures are compared in Table I to the analytic models. The analytic solution for the peak crosstalk noise exhibits an average error of 12%' as compared to SPICE. Fig. 6(a) has a greater effect on reducing the effective mutual inductance~than inserting shield lines along the other side of the signal lines as shown in Fig. 6(b) . The two shield scenario also does not eliminate the capacitive coupling, which contributes to a higher crosstalk noise than the one shield scenario. The three shield interconnect smcture shown in Fig. 6(c) has the least crosstalk noise. 'Ibis smctuse, however, requires the highest silicon area. 'he two shield SmcNre shown in Fig. 6(b) reduces the crosstalk noise to a level comparable with the three shield smcture, suggesting that a pattern of a shield line for every two global signal lines is a desirable smcture to control cmsstak noise. Another interesting phenomenon is that the effective loop inductance drops with each inserted shield line, reducing the inductance of the signal lines.
IV. CONCLUSIONS
Using the equivalence of magnetic energy, an effective mutual inductance is proposed in this paper to efficiently describe h e inductive coupling between, an aggressor line and a victim line.
Based on the effective mutual inductance, the problem of estimating the crosstalk noise among multiple coupled interconnects can be simplified into crosstalk between only two coupled signal lines. Crosstalk noisc among multiple coupled RLC interconnects, therefore, can be andytically determined permitting the signal integrity to be efficiently e~timated in both the early muting and later verification stages of the IC design process. The concept of an effective mutug inductance is further applied to shield insertion, providing guidelines for inserting shields to reduce crosstalk noise in the presence.of both capacitive and inductive coupling. It is shown that a shield line in the vicinity of the signal lines can greatly.reduce inductive coupling. A pattern of a shield line for every two global signal lines in the upper metal layers is shown to be desirable for controlling crosstalk noise.
